The ability of a vaccine to induce protective immunity requires not only an efficient presentation of antigenic epitopes, but also the capacity to promote an adequate immune stimulation. In this context, the improved understanding of the interactions between the innate and adaptive immune systems is having a major impact in the field of vaccinology. As a matter of fact, the innate immune system does not only provide the first line of defense against infection, but also determines the nature of acquired immune responses (14) . Danger signals (e.g., microorganisms) are recognized, leading to the recruitment and activation of immune cells. The stimulation of local mucosal immune responses after vaccination is thought to facilitate infection control by preventing microbial colonization. However, since the mucosal epithelium constitutes a natural barrier, antigens administered by this route are usually poorly immunogenic. One of the potential strategies to overcome this problem is their coadministration with mucosal adjuvants. On the other hand, the body is also confronted with potentially harmful antigens from the environment and/or food at the mucosal barrier. Thus, the local immune system plays a critical role in the tight balance between tolerance and immune responsiveness.
The use of a particular adjuvant can strongly influence the quality of the immune response elicited. However, it is difficult to predict the type of immune response that will be induced by a given adjuvant, since not all adjuvants behave in a similar manner in a given mucosal site. Thus, it is crucial to understand the underlying mechanisms to the adjuvanticity of these molecules. The designation as mucosal adjuvant has been quite largely attributed to and covers a variety of structural molecules (35) . The definition of the chemical nature of these immune stimulants is an essential parameter for the identification of their potential receptors, as well as for the better understanding of their mechanism of action. Recently, our investigators have demonstrated that the Mycoplasma-derived macrophage-activating lipopeptide of 2 kDa (MALP-2) is able to enhance mucosal and systemic immune responses against coadministered antigens (4, 30) . MALP-2 was shown to induce leukocyte infiltration and activation of macrophages (7, 15) upon engagement of the heterodimer formed by the Toll-like receptors 2 and 6 (TLR2 and -6) (24, 28) .
Thus, MALP-2 is an attractive immune stimulatory molecule to unravel the cascade leading to an improved antigen-specific response through activation of the innate immune system. Here, we evaluated the influence of MALP-2 in the activation of immune effector cells at the level of an antigen-exposed and tolerogenic inductive site, namely, the nasal mucosa-associated lymphoid tissues (NALT) (1, 38) . The obtained results demonstrated that MALP-2 acts in vivo as a proinflammatory stimulus, leading to synergistic effects on dendritic cells, macrophages, B cells, and T cells.
MATERIALS AND METHODS

Animals and cell cultures. Six-to 8-week-old female BALB/c (H-2
d ) mice were purchased from Harlan-Winkelmann (Germany), whereas DO11.10 (26), TCR-HA, and Ins-HA (16, 34) mice were bred at the GBF animal facility. The animals were maintained in accordance with local and European Community guidelines. DO11.10 mice are transgenic for a T-cell receptor (TCR) recognizing the ovalbumin (OVA)-derived peptide 323-339 (SQAVHAAHAEINEAGR) (26) . TCR-HA transgenic mice express an ␣/␤ (V␤6.5) TCR specific for the peptide 111-119 from the hemagglutinin of the influenza virus (A/PR8/34) in the context of I-E d class II molecules (16) . TCR-HA mice were back-crossed onto Ins-HA mice, which express the hemagglutinin (HA) protein in pancreatic ␤ cells under the control of the rat insulin promoter (2) . Transgene expression was determined by analyzing tail DNA by PCR using TCR-V␤-and HA-specific primers, as already described (34) . The mice used were heterozygous for both transgenes. All cells were grown in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 100 U of penicillin/ml, 50 mg of streptomycin/ml, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, and 1 mM L-glutamine (GIBCO-BRL, Karlsruhe, Germany) and maintained at 37°C in a humidified 5% CO 2 atmosphere.
Intranasal administration of MALP-2 and NALT preparation. BALB/c mice (n ϭ 12) received 20 l of synthetic MALP-2 (0.5 g) in phosphate-buffered saline (PBS) or PBS only by intranasal route (25) . Animals were sacrificed immediately following the administration or after 2, 6, 16, 24, or 36 h. Then, cells from NALT were recovered for RNA isolation, antigen presentation assays, or flow cytometry as previously described (11, 12, 41) . Briefly, after exsanguination of the mice and isolation of cervical lymph nodes and spleen, the head and the foreteeth were cut off. The facial skin, lower jaw, and cheek muscles were removed, and the NALT were exposed by carefully peeling away the palate. Individual NALT were removed by microsurgical tweezers under a stereoscopic microscope and placed in ice-cold RPMI-10% FCS. The lymphoid cells were dissociated by teasing with a syringe plunger through a 100-m nylon mesh. Red blood cells were lysed in ACK buffer, and cellular suspensions were filtered through a 40-m mesh. Cell suspensions from cervical lymph nodes and spleens were obtained following the same process.
Cell division assays. Total spleen cells were labeled with 0.5 or 2 M 5-(6)-carboxyfluorescein diacetate N-succinimidyl ester (CFSE; Molecular Probes, Eugene, Oreg.) for 5 min at 37°C, as described by Lyons et al. (19) . Stained cells (2 ϫ 10 6 cells per well in 800 l of RPMI) were then cultured in the presence of concanavalin A (ConA; 0.15 to 10 g/ml), lipopolysaccharide (LPS; 0.31 to 20 g/ml), or MALP-2 (0.015 to 1 g/ml) in a 24-well plate. Alternatively, peritoneal macrophages (10 5 per well) were incubated overnight and washed twice from the nonadherent cells prior to culture with CFSE-labeled spleen cells. After 4 days of culture, cells were harvested and cell division was analyzed by flow cytometry. Cells were stained with phycoerythrin (PE)-conjugated anti-CD3 and anti-CD19-peridinin-chlorophyll a-protein complex (PerCP) antibodies (BD PharMingen, San Diego, Calif.) prior to acquisition for identification of dividing cells.
Analysis by flow cytometry. Spleen (5 ϫ 10 5 ) or NALT (2 ϫ 10 5 ) cells were first incubated with mouse Fc block (BD PharMingen) in PBS-1% FCS for 1 h at 4°C. Then, cells were stained for 30 min at 4°C with specific antibodies conjugated with fluorescein isothiocyanate, PE, or PerCP from BD PharMingen. TLR2 expression was detected after cell permeabilization by using a biotinylated anti-TLR2 monoclonal antibody from HyCult Biotechnology (clone 6C2). Irrelevant labeled antibodies were used as isotype controls in all experiments. For intracellular staining, cells were first fixed in 2% paraformaldehyde at 4°C for 30 min, washed in PBS, and permeabilized for 30 min at 4°C with 0.5% saponin in PBS-1% FCS. Antibodies and streptavidin-allophycocyanin were further incubated in PBS-1% FCS-0.5% saponin. The cells were phenotypically characterized using a FACSort or FACSCalibur flow cytometer and the CellQuest-Pro software (Becton Dickinson, Mountain View, Calif.). NALT lymphocytes were gated according to the physical characteristics and forward and side scatters of splenic lymphocytes. A minimum of 20,000 gated events were used for the analysis.
Quantitative RT-PCR. Total RNA was extracted from nasal tissues (12 mice per time point), using the TRIzol reagent according to the manufacturer's protocol (Gibco BRL, Life Technologies, Gaithersburg, Md.). RNA samples were subsequently treated with 2 l of DNase (Promega) for 30 min at 37°C. A one-step reverse transcription-PCR (RT-PCR) was performed using LightCycler-RNA Master SYBR Green I apparatus, following the recommendations of the producer (Roche). PCRs without RT were performed to control RNA quality for all samples by using the LightCycler-DNA SYBR Green I. Each RT-PCR run included a negative control (water) and amplification of ␤-actin as housekeeping gene. The primers used are indicated in Table 1 . Data analysis was performed using the LightCycler software (version 3.5). The specificity of the RT-PCR was controlled by analysis of the melting curves in comparison to the water sample. To ensure that the amplified fragments had the correct size, all products were run in a 2% agarose gel containing ethidium bromide and visualized under UV illumination. A preliminary relative quantification of the specific mRNA of the tested products was obtained by conversion of the fluorescence signal, using a standard curve based on ␤-actin amplification. Then, the specific mRNA level was standardized on the ␤-actin amount for each sample, thereby giving a final relative quantification. Quantifiable specific products were expressed over a range of at least 4 orders of magnitude, between 0.01 and 20% of the ␤-actin level. Where possible, the results were finally expressed as relative amount with respect to the untreated control group (nonactivated cells).
Cell purification. CD4 ϩ T cells were purified from the spleens of BALB/c or DO.11 mice by using the CD4 ϩ T-cell isolation kit from Miltenyi, as previously described (10) . T-cell preparations demonstrated a purity of Ͼ96% by fluorescence-activated cell sorter analysis. Positive selection of dendritic and B cells from NALT was conducted using CD11c microbeads (Miltenyi Biotech) and B220 dynabeads (Dynal, Oslo, Norway), in accordance with the manufacturers' instructions.
Antigen presentation assays. To investigate the effects of MALP-2 on antigen presentation, peritoneal macrophages seeded at a density of 2 ϫ Measurement of glucose levels. Glucose levels in mouse urine were determined by using Diabur-Test 5000 strips (Roche, Mannheim, Germany) and confirmed by blood glucose measurements using Haemo Glukotest 200-800R (Roche). Mice were considered diabetic when the blood glucose level was Ͼ200 mg/dl for three consecutive measurements.
Statistical analysis. Comparisons between two experimental groups were performed by using a double-sided Student's t test. A P value of Ͻ0.05 was considered significant. The statistical comparison of the data generated by flow cyto- 
RESULTS
MALP-2 leads to strong B-cell activation in vitro.
The stimulatory capacity of MALP-2 was initially evaluated on spleen cells in comparison to that of ConA and LPS, as T-cell and B-cell reference activators, respectively. When CFSE-labeled cells were stimulated, a dose-dependent response was observed for all three activators (data not shown). After 4 days of culture, the highest percentage of cells undergoing division was reached at a concentration of 5, 10, and 0.5 g/ml for ConA, LPS, and MALP-2, respectively (Fig. 1A) . In comparison to ConA (76%), fewer dividing cells were observed upon LPS (42%) or MALP-2 (33%) stimulation. However, high division levels were observed upon LPS or MALP-2 stimulation, as measured by the CFSE intensity of dividing cells. The side scatter and forward scatter analysis showed cells with increased granularity and size, which correspond to activated lymphocytes (Fig. 1B) . Specific staining using anti-CD3-and anti-CD19-conjugated antibodies demonstrated that only B cells divided upon MALP-2 stimulation (Fig. 1C) . Similar results were obtained with the addition of peritoneal macrophages (data not shown), suggesting that MALP-2 exerts a direct mitogenic effect on B cells, thereby leading to a larger pool of B cells at the site of administration.
Interestingly, the analysis of surface expression on CD19 ϩ B cells from NALT cultured in the presence of MALP-2 demonstrated an up-regulation of several activation markers ( pressed (Fig. 2) . Some differences were observed in basal expression levels and activation intensity (Fig. 2) . However, these results clearly demonstrated that B cells from NALT and spleens are both responsive to activation with MALP-2. A kinetic analysis performed with splenic cells demonstrated that CD40, CD86, and CD54 were already up-regulated after 6 h of culture in the presence of MALP-2 (data not shown). LPS activation led to a similar up-regulation of activation markers on cultured spleen cells after 16 h (data not shown).
In vivo activation of lymphocytes upon MALP-2 stimulation. To evaluate B-and T-cell in situ activation upon MALP-2 administration, a fluorescence-activated cell sorter analysis was performed using NALT cells isolated from BALB/c mice 16 to 18 h after nasal administration of 0.5 g of MALP-2. The cell preparations from NALT of naïve BALB/c mice contained 46.2% Ϯ 9.8% mature B cells and 16.1% Ϯ 3.5% mature T cells (with a CD4/CD8 ratio of 4:1), according to the forwardand side-scatter setting used for spleen lymphocytes and the specific staining for CD19, CD4, and CD8. No significant expansion of T or B cells was observed 16 to 18 h after administration of MALP-2. However, an increment in cell size was evident at this early time point, as already observed in in vitro studies (data not shown).
Then, surface markers were evaluated by flow cytometry gating on CD19 ϩ B cells from NALT (Fig. 3A) . In contrast to the in vitro data, no remarkable changes were observed in the surface expression of MHC class I, CD40, CD25, and CD54 after nasal administration of MALP-2. However, the expression of the costimulatory molecule CD80 showed a significant increment on cells isolated from NALT of MALP-2-treated animals (Fig. 3A) . This is very important, since B7 molecules, which include B7-1 (CD80) and B7-2 (CD86), play an important role in antigen presentation by providing critical costimulatory signals for T-cell activation (22) . Concerning the adhesion molecules, an increment in the surface expression of CD18 was noticed (Fig. 3A) . In contrast, the increment in CD11a and CD54 expression was only evident at an intracellular level (Fig. 3A) .
The expression of surface markers was also analyzed on CD4 ϩ T cells isolated from NALT 16 to 18 h after nasal administration of MALP-2. Surface expression of CD45RB showed that the majority of the CD4 ϩ T cells from NALT of control animals corresponded to naïve T cells (CD45RB high ) (data not shown). In addition, T cells from naïve animals did not express the interleukin-2 receptor (CD25) or the activation marker CD69 (Fig. 3B) . In contrast, MALP-2-treated animals demonstrated an increase of T cells expressing at their surface CD25 (17.7%) and CD69 (5%). A slightly increased expression of MHC class I molecules was also observed on T cells from MALP-2-treated mice (MFI, 117 versus 86) (Fig. 3) , giving some evidence of cellular activation. The interaction of the molecules CD80 or CD86 with CD28 provides a potent costimulatory signal for T-cell activation, whereas it is negatively regulated by the engagement of CTLA-4 (33) . No significant increase of CD28 expression could be observed on T cells from NALT 16 to 18 h after MALP-2 administration, whereas the expression of CTLA-4 was decreased (MFI, 13.0 versus 18.4 in the control group) (Fig. 3B) . In addition, a substantial reduction in the expression of the L-selectin CD62L, which is a marker for naïve T cells, was noted after MALP-2 activation (58 versus 84% CD62L high ) (Fig. 3B ). The expression of adhesion molecules is critical for cellular interactions, cell migration, and homing. As observed for the NALT-derived B cells, the expression of the ␣-subunit CD11a of the LFA-1 antigen, as well as that of the ␤2 integrin subunit CD18, were substantially up-regulated in T cells isolated from NALT of MALP-2-treated mice (Fig. 3B) . Interestingly, while NALT T cells exhibited an activated phenotype after in situ stimulation by intranasal administration of MALP-2, no activation of T cells could be observed after in vitro culture in the presence of MALP-2 (data not shown).
TLR2 expression. In order to understand the responsiveness of NALT cells to MALP-2, TLR2 expression was analyzed by RT-PCR and flow cytometry, after gating on CD4 ϩ , CD8 ϩ , or CD19 ϩ cells (Fig. 4B) . A high constitutive expression of TLR2 was detected in the B-cell population, which was not further affected by MALP-2 treatment. In contrast, T cells showed a These results suggest that various cell types are involved in the global activation of NALT promoted by MALP-2. In accordance with the mRNA levels, the peak of TLR2 expression was detected about 16 h after MALP-2 application. According to the RT-PCR and flow cytometry analysis, TLR2 expression was rapidly down-regulated to basal levels after 36 h. Characterization of the NALT microenvironment in MALP-2-treated mice. To further investigate the local mechanisms of immune induction and recruitment of effector cells in NALT, the mRNA expression profile was analyzed by quantitative real-time RT-PCR. RNA was isolated from NALT of mice 2, 6, 16, 24, and 36 h after nasal administration of MALP-2 (0.5 g). Templates containing 0.5 to 1 g of total RNA/l allowed the generation of strong PCR signals and their quantification by RT-PCR, for products expressed up to a minimum of 0.01% of the housekeeping gene ␤-actin. The earliest and strongest change upon MALP-2 activation corresponded to an increment (Ͼ300-fold) in the transcription of the IFN-␥-inducible protein 10 (IP-10) with respect to controls (Fig. 5A ). The activation peak was reached 6 h after administration and rapidly decreased to basal levels after 36 h. IP-10 induction was accompanied by an up-regulation of MIP-1␣, MIP-2, MCP-1, and MCP-3 ( Fig. 5A and Table 2 ). Transcripts from MIP-1␣ were detectable 6 h after MALP-2 activation, whereas those from MCP-1 and MIP-2 were detectable only after 16 and 24 h, respectively. These chemokines peaked after 24 h and returned to basal levels after 36 h (Fig. 5A and Table 2 ). Among the screened chemokine receptors (CCR2, CCR5, CCR6, CCR7, and CCR9), significant signals were only obtained for CCR2. The basal level of transcription for CCR2 (control group) corresponded to approximately 0.2% of the ␤-actin gene. A rapid increment in its expression was evident already 2 h after MALP-2 administration, which was maintained for at least 36 h. However, when the profile of CCR expression was analyzed with mRNA isolated from MALP-2-activated J774A.1 macrophages, an up-regulation of CCR2, as well as CCR5 and CCR6, was observed in comparison to nonactivated J774 cells (Fig. 5B and data not shown) . CCR7 and CCR9 were upregulated only on LPS-treated control cells (Fig. 5B) . Flow cytometric analysis of J774A.1 cells further confirmed that activation with MALP-2 resulted in an up-regulated expression of CCR5 and CCR6 (Fig. 5C) .
MALP-2 improves the antigen presentation capacity of professional antigen-presenting cells. Studies were performed to evaluate the activity of MALP-2 on the antigen presentation capacity of macrophages, B cells, and dendritic cells cocultured with splenic T cells from TCR transgenic DO11.10 mice (Fig.  6) . In vitro pretreatment of peritoneal macrophages with MALP-2 in the presence of the OVA 323-339 peptide resulted in an improved proliferation of DO11.10 CD4 ϩ T cells, demonstrating an increased antigen presentation capacity of pretreated macrophages (Fig. 6A) . Similar results were obtained by using the OVA protein as antigen (data not shown). Then, we assessed the effect of MALP-2 on the antigen presentation capacity of B cells and dendritic cells from nasal tissues. Mice received the OVA-peptide 323-339 or the OVA protein by intra- nasal route in the presence or absence of MALP-2. After 3 h, the animals were sacrificed, and enriched B220 ϩ or CD11c ϩ cells from NALT were cocultured with DO11.10 CD4 ϩ T cells. As shown in Fig. 6B , stronger T-cell proliferation was observed with dendritic cells isolated from MALP-2-treated animals than in controls, with either the OVA peptide or OVA protein.
In contrast, the antigen presentation capacity of B cells was not improved by MALP-2 treatment and was restricted to preloading with the OVA peptide (data not shown). Nasal administration of MALP-2 does not break peripheral anergy. We investigated the possibility that immune activation triggered by MALP-2 could favor autoimmune reactions by using the experimental model of diabetes based on TCR-HA ϫ Ins-HA double transgenic mice (34) . Although the pancreatic islets of all double transgenic mice are heavily infiltrated (i.e., insulitis) by the age of 4 weeks, only 30 to 40% of them develop overt diabetes and the rest remain clinically healthy over a period of up to 24 weeks (2). These animals carry approximately 22 to 25% CD4 ϩ T cells expressing the 6.5 transgenic TCR in spleen, lymph nodes, and NALT (data not shown). Four weekly nasal administrations of MALP-2 to clinically healthy double transgenic mice failed to induce any sign of autoimmune reaction or disease during a 16-week period of observation (healthy status was defined as a glucose level in blood of Ͻ200 mg/dl and stable body weight). These results suggest that MALP-2 does not promote a break of peripheral anergy, thereby showing a good safety profile as adjuvant.
DISCUSSION
Mucosal epithelia constitute the primary sites for pathogen and antigen entry. Our knowledge on the mucosal barriers and the mucosal immune system has significantly expanded in recent years (5, 27) . However, there is still limited information on the molecular events leading to the elicitation of mucosal immune responses after infection or vaccination. Furthermore, most of the experimental work on mucosal immunity was obtained using molecules administered by the oral route, while the upper respiratory tract has specific features that make it a distinct inductive site. Thus, it is essential to have a clear understanding on how immune responses are elicited after nasal challenge or vaccination.
The first line of defense against invading microorganisms relies on the innate immune system, which also represents a critical link for the stimulation of efficient adaptive immune responses. The stimulation of pattern recognition receptors present on the surface of the cells from the innate immune system, such as the TLR, is a fundamental initial event in the activation process. The data reported in the literature concerning the surface expression of TLR2 are controversial but suggest that there is poor expression in all cell types (17) . This is in contrast to what has been observed by RT-PCR analysis and intracellular staining (13) . However, two studies have clearly shown that TLR2 is expressed in mucosa-associated lymphoid tissues of human tonsils (8, 29) . These results suggest that TLR2-mediated signaling may play an important role in the induction of immune responses at this mucosal inductive site.
In this study, we described the effects resulting from the activation of innate immune system receptor TLR2/6 through the binding of the adjuvant lipopeptide MALP-2 (4, 30) . We analyzed TLR2 expression in cells from NALT by both RT-PCR and intracellular staining. The high constitutive expression of TLR2 by B cells from NALT is in accordance with their capacity to be activated in vitro by MALP-2 treatment, as demonstrated by the up-regulation of different activation markers (Fig. 2) . The obtained results also showed that MALP-2 exerts a mitogenic effect on B cells in vitro. However, the in situ activation of NALT B cells by MALP-2 was rather modest (Fig. 3) . In contrast, T cells from NALT, which do not constitutively express high levels of TLR2, exhibited a strong up-regulation of this receptor after MALP-2 application. This should result in an enhanced responsiveness to danger signals. In fact, it has been demonstrated that up-regulation of TLR2 (via a nonspecific signal, such as anti-CD3 stimulation) could lead to sensitization of T cells to TLR2 agonists (21) . In accordance with the above-mentioned regulatory loop, NALTderived T cells also showed an up-regulated expression of activation markers and intercellular adhesion molecules. This suggests an increased responsiveness to specific antigenic signals, as well as an enhanced capacity for naïve T cells priming in situ.
Activation and expansion of T cells is the central event in the development of adaptive immune responses against specific protein antigens. An optimal T-cell response (i.e., T-cell expansion, cytokine secretion, and development of helper and effector functions) requires two distinct stimuli. The first is an antigen-specific signal provided by the interaction through the TCR, whereas the second is a TCR-independent signal mediated by the engagement of T-cell surface molecules with costimulatory molecules expressed on antigen-presenting cells. The best-defined costimulatory molecules are B7-1 (CD80) and B7-2 (CD86) (22) . The up-regulated expression of the costimulatory molecule CD80 on NALT-derived B cells suggests an increased potential for cross talk between T and B cells. This may in turn promote T-cell-dependent antibody production. The improved humoral responses observed after vaccination with MALP-2 as adjuvant are in agreement with these results (4, 30) . The up-regulated expression of the adhesion receptor LFA-1 (CD11a/CD18) observed after treatment suggests that MALP-2 could favor T-cell binding to antigenpresenting cells, as well as trans-endothelial migration. The recruitment and activation of professional antigen-presenting cells observed after MALP-2 administration provides the ideal framework for enhanced immune responses. As demonstrated for other molecules exhibiting adjuvant activity, such as LPS, heat-labile enterotoxin of Escherichia coli, and CpG motifs (4, 9, 20, 36) , MALP-2 also activates dendritic cells (18, 39) . Accordingly, we demonstrated with in vitro-loaded macrophages and in vivo-loaded dendritic cells that antigen presentation is enhanced in the presence of MALP-2.
The global NALT microenvironment also appears to be geared toward improved immune responses after MALP-2 administration. We demonstrated that MALP-2 treatment acts as a proinflammatory stimulus for the nasal mucosa. We observed an increment in the expression of MCP-1 and CCR2, which are involved in monocyte recruitment (3, 23) . The expression levels of IP-10 also matched those obtained by classical inflammatory stimuli, such as LPS and tumor necrosis factor alpha. This is in agreement with the reported recruitment and activation of macrophages after intraperitoneal or intranasal administration of MALP-2 (7, 30) . The initiation of T-cell-independent effector mechanisms could be sustained and amplified by activated T cells at inflammation sites (37) .
The expression of inflammatory chemokines and chemokine receptors (CCR1, CCR2, CCR5, and CCR6) regulates the migration of dendritic cells from peripheral tissues into T-cell areas of draining lymph nodes, where they initiate primary T-cell responses (23) . The differential expression of chemokine receptors also dictates, to a large extent, the migration and tissue homing of Th1 or Th2 cells (3) . It has also been proposed that the acquisition of a chemokine and chemokine receptor profile is an integral part of T-helper-cell differentiation (31, 40) . Our results showed that MALP-2 induces the expression of IP-10 and MIP-1␣, which preferentially correlate with a Th1 polarization, in nasal tissues (31) . However, MCP-1 and CCR2, which correlate with a Th2 polarization, were also up-regulated by MALP-2 activation (32). Thus, the induction of a microenvironment characterized by the presence of molecules driving both Th1 and Th2 polarization matches the Th1/Th2 mixed responses observed after vaccination using MALP-2 as mucosal adjuvant (4, 30) .
In vitro tests showed that MALP-2 represents a strong activation signal, as measured by the up-regulated expression of surface markers on B cells and dendritic cells (18) . The presence of MALP-2 also resulted in the generation of a local immune-responsive environment in NALT. Discrepancies in the intensity of activation between in vitro and in vivo tests may reflect the fact that NALT are a highly tolerogenic milieu (1, 38) . Alternatively, they may be related to the efficacy of MALP-2 transfer across the mucosal barrier.
Immune stimulation may lead to autoimmune reactions by breaking tolerance to self antigens. However, cell division studies proved that MALP-2 does not induce nonspecific T-cell proliferation, which would represent a major drawback for an adjuvant. This was further confirmed by the results obtained using the murine model of autoimmune diabetes. This model is highly suited for the study of immune modulation in vivo, as demonstrated by the fact that administration of a dimeric peptide-MHC class II chimera results in a down-regulation of the T-cell-mediated autoimmune response (6) . In this study, we demonstrated that, although the NALT of double transgenic mice contained a majority of HA-specific T cells, repeated intranasal administration of MALP-2 did not break the peripheral tolerance.
In conclusion, the results obtained in the present work allow dissection of critical parameters concerning the cellular interactions and the antigen presentation processes after application of the novel mucosal adjuvant MALP-2. An efficient initiation of acquired immune responses is promoted by a TLR2/ 6-mediated activation via MALP-2. The adjuvant leads to improved antigen sampling and recognition through an increment in (i) the number of antigen-presenting cells, (ii) the expression of costimulatory molecules, (iii) the intercellular adhesion capacity of immune cells, and (iv) T-cell stimulation. MALP-2 also promotes the generation of a transient local microenvironment which favors the ability of immune cells to interact in a coordinated fashion, as well as to traffic and localize within mucosal tissues. MALP-2 also supports a direct B-and T-cell activation within nasal tissues, thereby lowering the threshold for antigen-specific activation. This explains the improved immune responses observed after intranasal vaccination with MALP-2 as adjuvant (4, 30) . The emerging knowledge allows a better understanding of the mechanisms by which MALP-2 modulates innate immunity first, promoting strong acquired immune responses thereafter. This is expected to provide the rational basis for its optimal exploitation as adjuvant, as well as the design of new adjuvant molecules.
